Although aerobic exercise training has been shown to lower blood pressure (BP) in older adults, its effect on BP sensitivity to dietary sodium (Na þ ) is unknown. Therefore, the present study was undertaken to examine the effect of aerobic exercise training on BP sensitivity to dietary Na þ in older hypertensive individuals. Blood pressure was measured after 8 days of low (20 mEq) and high (200 mEq) Na þ diets in 31 older (6377 years, mean7standard deviation), hypertensive (152711/ 8875 mm Hg) individuals at baseline and following 6 months of aerobic exercise training (at 75% VO 2 max, 3 times/week, 40 min/session). Subjects were grouped on the basis of the difference in mean arterial BP (MAP) between diets (Na þ sensitive: X5 mm Hg increase in MAP on high Na þ , n ¼ 20; Na þ resistant: o5 mm Hg increase in MAP on the high Na þ diet, n ¼ 11). Following 6 months of aerobic exercise training, there was a significant increase in maximal aerobic capacity (VO 2 max: 18.373.8 vs 20.774.2 ml/kg/min, Po0.017). Aerobic exercise training had a significant (P ¼ 0.02) effect on Na þ sensitivity status, with the proportion of Na þ -resistant individuals increasing from 35% at baseline to 61% following the 6-month aerobic exercise training programme. This study demonstrates the importance of physical activity on BP sensitivity to dietary Na þ .
Introduction
A number of clinical intervention studies have examined the effects of blood pressure (BP) sensitivity to manipulations in dietary sodium (Na þ ). 1 Although the concept of BP sensitivity to dietary Na þ is well established and accepted, there is a high degree of variability in the magnitude of the BP response to alterations in dietary Na þ . A number of factors such as age, ethnic origin, presence of hypertension, obesity and level of intake of other dietary minerals play a role in this variance. [2] [3] [4] In a large population study, Weinberger and Fineberg 3 reported that in hypertensive individuals under the age of 30 years of age, approximately 50% were Na þ resistant and 50% were Na þ sensitive, whereas in normotensive individuals in this same age range, 65% were Na þ resistant and 35% were Na þ sensitive. In hypertensive individuals age 50 years and above, 15% were Na þ resistant and 85% were Na þ sensitive, whereas in a group of similar aged normotensive individuals, only 23% were Na þ resistant and 77% were Na þ sensitive. Luft et al. 2 reported a similar effect of age on BP sensitivity to Na þ . To date little is known about the effect of aerobic exercise on the BP response to dietary Na þ . Previously, we and others have demonstrated that aerobic exercise training significantly lowers BP in older hypertensive individuals. [5] [6] [7] [8] Besides changes in BP, aerobic exercise has also been shown to markedly improve a number of cardiovascular as well as metabolic functions. It is possible that aerobic exercise may potentially alter BP responses to dietary Na þ . Therefore, assuming that a lack of BP response to dietary Na þ is a desired outcome, we hypothesized that a programme of aerobic exercise training in older hypertensives would result in a change in Na þ sensitivity status with a switching of Na þ sensitive individuals to Na þ resistant.
Methods
Subjects Thirty-one subjects (12 males and 19 females) with Stage 1 hypertension were recruited through newspaper advertisement, from the University of Michigan Turner Geriatric Clinic, and from the Human Subjects Core of the University of Michigan Geriatrics Center. All subjects were community dwelling and in good health apart from their hypertension. Subjects were screened before participation with a medical history and physical examination, a complete blood count, routine blood chemistries and a urinalysis. Individuals were excluded from the study if they had clinically significant concomitant medical illness such as cardiac, renal (serum creatinine greater than 135 mmol/l), hepatic or gastrointestinal disease, or required medications that might affect glucose metabolism or BP. Also excluded were individuals with a recent history (o6 months) of smoking or drug or alcohol abuse, or clinically relevant mental disorders. The absence of diabetes mellitus was confirmed in all subjects by a 2 h 75 g oral glucose tolerance test. 9 Individuals who were presently involved in an exercise programme (2 sessions/ week) or had participated in an exercise programme over the last 6 months were also excluded from the study. The presence of hypertension was defined in patients who were receiving antihypertensive treatment or had a seated systolic BP X140 mm Hg and/ or a seated diastolic BP X90 mm Hg. Following a screening visit to determine their eligibility for participation as described above, subjects signed an informed consent form approved by the University of Michigan Institutional Review Board. Hypertensive subjects who were being treated with antihypertensive medications were tapered off their medications and were studied following a 4-week period, during which no antihypertensive medications were taken. Throughout the duration of the study, subjects remained off their antihypertensive medication. In all individuals, hypertension was confirmed by BP measurements taken on three separate occasions. All measurements were made while subjects consumed their normal diet and were made 1 week apart by automated BP device (PressMate BP-8800, Colin Electronics Co. Ltd, San Antonio, TX, USA) using the appropriate cuff size. Subjects had been seated comfortably for 415 min with the cuffed arm supported at heart level before measurements were taken. The mean of these three BP measurements is reported. Those individuals who were not hypertensive were referred back to their physician and did not partake in the study.
Determination of blood pressure sensitivity to dietary Na þ Subjects were randomized in a double-blind crossover design to begin either a 20 or 200 mmol/l/d Na þ diet, which they consumed over an 8-day period. All meals during the 8-day Na þ diet period were prepared by the General Clinical Research Center Metabolic Kitchen at the University of Michigan. The two diets were identical in composition, except for Na þ content and consisted of 50-55% of calories as carbohydrate, 30-35% as fat, 15-20% as protein and 300-350 mg/day of cholesterol. After completion of the first diet, the subjects consumed their own diet for a 1-week washout period and then were switched to the alternative Na þ diet, which they consumed for a second 8-day period. Compliance with the diet was monitored by 24 h urine collections for Na þ . On the eighth day of each Na þ diet, BP measurements were made while the subject rested in the seated position, following a 20 min resting period. Blood pressure was continuously monitored for a 30 min period using Ohmeda 2300 Finapress BP monitor. Subjects were classified a priori utilizing previously published criteria as either Na þ sensitive or Na þ resistant based on their mean arterial BP (MAP) response to the change in dietary Na þ intake. Those individuals who exhibited a change in MAP X5 mm Hg were classified as Na þ sensitive and those individuals who exhibited a change in MAP o5 mm Hg were classified as Na þ resistant.
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Determination of plasma and urinary values Supine fasting venous blood samples were obtained on last day of each Na þ diet for the determination of plasma creatinine, potassium, chloride, and Na þ , renin activity and aldosterone levels. Blood samples were collected into chilled glass tubes containing heparin Na þ , stored on ice and separated immediately after each study. Aliquots of urine samples were obtained from 24 h urine collections over the last day of each Na þ diet and were analysed for creatinine and Na þ . Plasma glucose was measured by the autoanalyzer glucose oxidase method and plasma insulin by radioimmunoassay in the Core Laboratory of the Michigan Diabetes Research and Training Center. All plasma and urine assays were conducted in the University of Michigan Medical Center Laboratory. Creatinine clearance was determined by multiplying the concentration in urine by the quantity in a 24 h urine sample and dividing product by the plasma concentration. 13 All clearance values are expressed per 1.73 m 2 of body surface area. Fractional excretion of Na þ was calculated as the clearance of Na þ divided by the clearance of creatinine. 7 Determination of body composition Body composition was determined by dual X-ray absorptiometry (Model DPX-IQ; Bone Densitometer Lunar Radiation Corporation, Madison, WI, USA). Body mass index (BMI, kg/m 2 ) was determined by the subject's weight (kg) divided by the square of his or her height (m). The waist-to-hip circumference ratio was calculated as the ratio of the minimal circumference of the abdomen to the circumference of the buttocks at the maximal gluteal protuberance.
Determination of cardiovascular fitness
A maximal exercise test was performed at baseline, after 3 months of exercise training, and again after 6 months of exercise training. The initial treadmill speed was set to elicit 75% of each subject's maximal aerobic capacity (VO 2 max) measured during their screening treadmill test. The treadmill elevation was increased every 2 min until the subject was exhausted and could not continue. Oxygen uptake (VO 2 ) and carbon dioxide production (VCO 2 ) were measured continuously and BP and a 12-lead electrocardiogram were recorded every 3 min during the test. A true VO 2 max was considered to be attained if two of the following three criteria were achieved: (1) respiratory exchange ratio greater than 1.10, (2) maximal heart rate greater than 90% of age-predicted maximum (220 age) and (3) a plateau in VO 2 (change in VO 2 o0.2 l/min). Those individuals who did not meet the criteria for a true VO 2 max repeated the maximal exercise test until two of the three criteria were attained. All individuals in the study achieved two out of the three criteria for attaining a true VO 2 max on both baseline and post-testing.
Aerobic exercise training programme
Exercise training consisted of three sessions per week of supervised treadmill walking. The intensity and duration of exercise was progressively increased so that subjects completed 40 min per session at 75-85% of their heart rate reserve for the last 3 months of training. Compliance with the training programme was approximately 91%.
To determine the effects of aerobic exercise on day-to-day resting BP, subjects had their BP recorded on three separate occasions over the last 3 weeks of the aerobic exercise training programme. The same automated BP device and methods were used as described previously. The mean of these three BP measurements is reported.
Statistical analysis
Data were analysed using Statview (Abacus Concepts Inc., Berkeley, CA, USA). An a level of 0.05 was accepted for statistical significance. Comparisons between pre-and post-training characteristics of subjects were made using an analysis of variance (ANOVA). Two-way ANOVAs with two repeated factors, exercise (pre-and post-training) and diet (low Na þ and high Na þ ), were utilized to examine within-and between-group differences on systolic, diastolic and MAP measures. In order to access the possible effects of age, body mass, ethnicity and gender on changes in BP owing to exercise (pre-and post-training) and diet and analysis of covariance was utilized using age, body mass, ethnicity and gender as covariates. The McNemar test for the significance of changes was used to examine the effect of exercise on Na þ sensitivity.
Results
Physical characteristics of subjects Subject characteristics are presented in Table 1 . Thirty-one older (62.977.1 years), moderately overweight (BMI: 28.974.6 kg/m 2 ) subjects with essential hypertension were studied. The 6-month programme of aerobic exercise training did not significantly alter body weight (P ¼ 0.781), percent fat (P ¼ 0.491) or waist-to-hip ratio (P ¼ 0.786). The 6-month programme of aerobic exercise training did result in a significant (P ¼ 0.017) increase in VO 2 max.
Blood pressure
Although the high vs low Na þ diets did not result in a change in diastolic BP (P ¼ 0.427), there was a significant increase in both systolic BP (P ¼ 0.019) and MAP (P ¼ 0.005) as determined by Ohmeda 2300 Finapress BP monitor (Figure 1 ). At baseline, 35% (n ¼ 11) of the subjects were classified as Na þ Effects of exercise training on sodium sensitivity DR Dengel et al resistant and 65% (n ¼ 20) individuals were classified as Na þ sensitive (Figure 2 ). Although there was no significant overall change in the BP response to alterations in dietary Na þ following the aerobic exercise training programme (Figure 1 ), there was a significant (P ¼ 0.02, McNemar test) effect of aerobic exercise training on Na þ sensitivity status (Figure 2 ). Of the 31 individuals who took part in this study, 10 individuals changed there Na þ -sensitivity status; however, of these 10 individuals, nine switched from Na þ sensitive to Na þ resistant and one individual switched from Na þ resistant to Na þ sensitive. This change in Na þ status owing to the aerobic exercise training programme resulted in 61% of the subjects being Na þ resistant and 39% being Na þ sensitive.
Plasma and urine values (Table 2) As expected, Na þ loading resulted in a significant increase in urinary Na þ (F ¼ 707.64, Po0.0001) and urinary volume (F ¼ 6.07, P ¼ 0.015). Urine levels of creatinine (F ¼ 0.10, P ¼ 0.369) were unchanged with the increase in dietary Na þ . Na þ loading also resulted in a significant increase in serum levels of potassium (F ¼ 4.95, P ¼ 0.028), chloride (F ¼ 66.33, Po0.0001) and Na þ (F ¼ 6.52, P ¼ 0.012). Plasma levels of renin (F ¼ 46.63, Po0.0001) and aldosterone (F ¼ 56.37, Po0.0001) significantly decreased with Na þ loading. There was no significant change in plasma creatinine (F ¼ 3.43, P ¼ 0.067) owing to Na þ loading. There were few changes in plasma or urine variables in response to 6 months of aerobic exercise training, except in plasma chloride (F ¼ 8.66, P ¼ 0.004) and aldosterone (F ¼ 4.24, P ¼ 0.042) levels ( Table 2) .
Discussion
Although the effect of aerobic exercise training on lowering resting BP has been well established, 12, 14 the effect of aerobic exercise training on Na þ sensitivity of BP is unknown. In the present study, 21 of the individuals examined did not change their Na þ -sensitivity status after 6 months of aerobic exercise training. However, 10 individuals switched their Na þ -sensitivity status, and of those 10 individuals, nine Na þ -sensitive individuals switched to Na þ resistant and only one individual switched from Na þ resistant to Na þ sensitive. To the best of our knowledge, this is the first study to examine the direct effect of chronic aerobic exercise training in older hypertensives on Na þ -sensitivity status using a randomized cross-over design. Thompson et al. 15 examined the relationship between self-reported physical activity on BP sensitivity to dietary Na þ . In this study, individuals who were moderately physical active (20 min/session, 3 days/week) were compared to sedentary individuals (less than 10 min/day, 3 days/week or less than 20 min/day 2 days/week). The authors reported that those individuals who were physically active had a greater increase in systolic BP response to Na Effects of exercise training on sodium sensitivity DR Dengel et al loading compared to those individuals who engaged in little or no physical activity. There are a number of possible reasons for the differences between the present study and those of Thompson et al. 15 The most important difference is that the present study examined the effects of a standardized 6-month aerobic exercise training programme on Na þ sensitivity, whereas Thompson et al. 15 only examined self-reported physical activity. Another major difference between the two studies is that the subjects studied by Thompson et al. 15 were all normotensive, unlike the hypertensive subjects examined in the present study. It is also important to note that Thompson et al. 15 utilized a 4-day Na þ loading period and that the low Na þ diet was not standardized nor were the low and high Na þ diets randomized. These important experimental design and methodological differences make it difficult to make direct comparisons between the two studies.
Currently, it is not known if a change from being Na þ sensitive to Na þ resistant is clinically relevant. However, Na þ sensitivity has been linked to a number of metabolic and physiologic abnormalities such as albumin excretion, 16, 17 left ventricular hypertrophy 18, 19 and dyslipidaemia. 20 In a crosssectional study in Japanese hypertensives, cardiovascular events were found to be twice as common among Na þ sensitive hypertensives as among Na þ resistant hypertensives. 21 Weinberger et al. 22 conducted a long-term follow-up study of 430 normotensives and 278 hypertensives whose Na þ sensitivity of BP was assessed over 27 years. The authors reported that in addition to age and BP at the initial study, Na þ sensitivity was an independent predictor of mortality. Therefore, the clinical relevance of modifying BP sensitivity to dietary Na þ suggests that becoming Na þ resistant might be associated with lower risk for end-organ disease, cardiovascular events and possibily mortality.
In addition to changes in Na þ sensitivity, there was a significant reduction in plasma aldosterone, but no change in plasma renin following aerobic exercise training. These results are somewhat different than those reported by Kohno et al., 7 who reported a significant reduction in plasma renin, but not plasma aldosterone with 3 months of aerobic exercise training. Some of the differences between our results and that of Kohno may be due to the fact that we examined plasma aldosterone and renin on both high and low Na þ diets, whereas Kohno et al. 7 examined changes in plasma aldosterone and renin while each individual consumed their own diet. Whether individuals altered their diet during the study or changed the amount of Na þ consumed cannot be determined. The reduction in plasma aldosterone concentration following the aerobic exercise training programme may be owing to an adaptation of the adrenal gland to adrenocorticotrophin stimulation. 23 It has been shown that adrenocorticotrophin-induced release Values are means7standard deviation.
Effects of exercise training on sodium sensitivity DR Dengel et al of corticosterone by the adrenal gland is reduced in exercised trained compared to sedentary rats. 24 In summary, the present data provide evidence that in older hypertensive individuals aerobic exercise training can alter the BP sensitivity to dietary Na þ increasing the proportion of individuals who are Na þ resistant. The precise mechanism responsible for this change in Na þ sensitivity status is unknown. Future studies not only need to examine the mechanisms underlying changes in BP sensitivity to dietary Na þ but also need to examine the health implications of changing BP sensitivity to dietary Na þ (Table 3) . K There is a high degree of variability in the magnitude of the blood pressure response to alterations in dietary sodium.
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K A number of factors such as age, ethnic origin, presence of hypertension and obesity have been linked to the variance in the blood pressure response to changes in dietary sodium.
K Aerobic exercise training lowers resting blood pressure. 12, 14 What this study adds K Provides evidence that blood pressure sensitivity to dietary sodium is modifiable in older hypertensive individuals. K Provides further evidence for the clinical importance of aerobic exercise in the treatment of hypertension.
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